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A model to examine the effects of proliferating Aspergillus fumigatus ATCC 26933
colonies embedded in a thin layer of soft agar on a monolayer of A549 cells was
developed and enabled an investigation of the response of cultured cells to fungal
growth. This model simulates the conditions on the respiratory surface in patients
with invasive aspergillosis and also in the mucus secretions of cystic brosis patients
with allergic bronchopulmonary aspergillosis. Conidia of A. fumigatus adhering to
A549 cells were immobilized in a thin layer of soft agar (0¢6% (w/v)) and allowed to
germinate at 37 oC. Fungal colonies greater than 5 mm in diameter caused rounding-
up and detachment of A549 cells underneath the colony and towards the hyphal tips.
As the fungal colony diameter increased, cell detachment occurred ahead of the
hyphal tips. Cells detached for short periods (less than 6 h) showed no annexin-V
(AV) or propidium iodide (PI) staining, suggesting no externalization of
phosphatidylserine and an intact plasma membrane. Cells that had detached for
periods greater than 6 h were positive for AV and PI indicating the rupture of the
plasma membrane and cell death by necrosis. Chemical extraction and separation by
thin layer chromatography of agar from zones of cell detachment around fungal
colonies revealed the presence of three compounds that may play a role in inducing
cell death.
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Introduction
Aspergillus fumigatus is an opportunistic fungal patho-
gen capable of infecting the lung in those with pre-
existing lung damage or disease. The incidence of
aspergillosis has increased dramatically in recent years
due, in part, to the use of aggressive immunosuppressive
therapy causing prolonged neutropenia [1] and is second
only to that of Candida infections but produces greater
mortality rates [2,3].
The actual mechanisms by which A. fumigatus
colonizes the respiratory tract are not clearly under-
stood. It is believed that a combination of host factors
(e.g. immunosuppression, impaired mucociliary clear-
ance) facilitates the growth of the fungus and also that
the secretion of enzymes and toxins by the fungus aids
colonization of pulmonary tissue [4,5]. The adherence of
conidia to respiratory epithelial tissues is a crucial step in
colonization of the lung [6] and brinogen, bronectin,
complement and laminin have been identied as ligands
for A. fumigatus conidia [7].
The production and secretion of enzymes (e.g.
elastase) and toxins (e.g. gliotoxin, fumagillin) into
surrounding tissues by the proliferating fungus is
regarded as an important virulence attribute and may
facilitate fungal growth in the lung [8]. Gliotoxin is the
main toxin produced by A. fumigatus. Others include
helvolic acid, fumigatin and fumagillin [4,9,10].
Conventional assays to study the effects of fungal
enzymes and toxins on cultured cells rely upon culturing
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the fungus in liquid growth medium and applying either
conditioned medium or extracts from such medium
directly to cells [2,4]. These methods have a number of
disadvantages since in cases of invasive aspergillosis or
allergic bronchopulmonary aspergillosis (ABPA) the
enzymes and toxins produced by the fungus do not
diffuse into a liquid environment but are concentrated by
the nature of the surrounding milieu in the vicinity of
fungal growth [8]. Consequently, pulmonary tissue
adjacent to colonies of A. fumigatus experiences greater
concentrations of enzymes and toxins than tissue
removed from the site of infection. Soft agar assays
have been used to ascertain the effects of growth factors
on RPMI 2650 cells. They are advantageous in providing
a matrix for colony formation that is absent in a liquid
environment [11]. The soft agar assay developed here
allows the localization of secreted products in the vicinity
of the fungal colony and facilitates examination of the
response of cultured cells. This system may offer a means
of simulating in vitro the response of cells to the
secretion of enzymes and toxins by A. fumigatus in cases
of invasive aspergillosis or ABPA.
Materials and methods
Isolation of conidia
A. fumigatus ATCC 26933 (originally isolated from a
case of human pulmonary aspergillosis) was obtained
from the American Type Culture Collection (Manasas,
VA, USA). A. fumigatus 26933 conidia were isolated
from malt extract agar (MEA) plates (2% (w/v) malt
extract (Oxoid, Basingstoke, England), 2% (w/v) glucose
(Riedel de Hae¨n, Germany), 0¢1% (w/v) peptone
(Oxoid) and 2% (w/v) agar (Difco, Detroit, MI, USA))
after growth for 7 days at 37 oC using a 0¢01% (v/v)
Tween 80 solution (Merck, Mu¨nchen, Germany).
Conidia were washed three times with phosphate-
buffered saline (PBS) and re-suspended in 10 ml of
minimal essential medium (MEM) (Sigma Chemical Co.,
St Louis, MO, USA) containing 5% (v/v) foetal calf
serum (FCS) (Gibco, Paisley, Scotland) and 1% (v/v)
L-glutamine (Gibco) at a concentration of 1¢8£102
conidia ml¡1 and used immediately in the soft agar
assay. Conidia were enumerated following suitable
dilution in PBS with an haemocytometer.
Cell culture
The A549 cell line is an adherent human lung carcinoma
with type II alveolar epithelial cell properties [12]. A549
cells were cultured in MEM supplemented with 5% (v/v)
FCS and 1% (v/v) L-glutamine. Cells were grown in
80-cm2 tissue culture asks (Nunc, Copenhagen, Den-
mark) at 37 oC and 5% CO2 in a humidied atmosphere.
Cells were routinely sub-cultured after trypsinization
every 3–4 days.
Cells for the soft agar assay were rst trypsinized,
washed with PBS and re-suspended in MEM at a nal
cell density of 5£105 ml¡1; 25-cm2 asks (Nunc) were
seeded with 5 ml of this suspension and incubated for
24 h at 37 oC in a humidied 5% CO2 incubator to
facilitate cell attachment.
Soft agar assay
The soft agar assay developed here was a modication of
the method described by Carey et al. [11]. Growth
medium was decanted from conuent cultures of A549
cells in 25-cm2 asks (Nunc) and replaced with 5 ml
MEM containing 1¢8£102 ml¡1 conidia of A. fumigatus.
These were incubated for 2 h at 37 oC to facilitate
conidia adherence to cells. The ratio of 1¢8£102 conidia
to 5£105 A549 cells was chosen following preliminary
experimentation which showed that 25–30% of conidia
would adhere during the incubation period. This sub-
sequently resulted in the growth of approximately
50 clearly distinguishable A. fumigatus colonies in the
ask. Medium was decanted and cells were washed once
with pre-warmed PBS. Molten agar (2 ml, 0¢6% (w/v)
(Difco) maintained at 40–45 oC) in MEM (supplemented
with 5% (v/v) FCS and 1% (v/v) L-glutamine) was
poured over the conuent layer of A549 cells. Agar at
this temperature had no effect on A549 cell viability and
has been used previously to immobilize a variety of cell
lines [11]. The agar was allowed to set at room
temperature for 15 min and asks were incubated at
37 oC and 5% CO2 in a humidied atmosphere. The
response of the underlying layer of conuent cells to the
growth of the proliferating fungus was monitored by
microscopic examination. Control asks consisted of
conuent layers of A549 cells overlaid with molten agar
as above. Cells in control asks remained attached for up
to 72 h. A diagrammatic representation of the soft agar
assay is presented (Fig. 1).
Propidium iodide (PI) and annexin-V (AV) staining
The mode of cell death occurring in the soft agar assay
was monitored using the DNA staining agent PI [13] and
the phosphatidylserine binding agent AV Fluos [14]. The
method used to stain A549 cells embedded in the soft
agar was a modication of that described previously for
cultured cells [15,16]. Cells were stained by applying
100 ml of labelling solution (1000 ml of incubation buffer
[10 mM Hepes/NaOH, pH 7¢4, 140 mM NaCl, 5 mM
CaCl2] containing 20 ml of 50 mg ml
¡1 PI (Sigma) and/
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or 20 ml of AV-Fluos (Boehringer, Mannheim, Ger-
many)) to the surface of the agar. Stains were allowed to
absorb for 15 min before examination by uorescence
microscopy using a Leitz Diaplan microscope under UV
light. AV and PI uorescence was evaluated using
488 nm for excitation and 515 nm long-pass lter for
detection.
Detection of toxic metabolites in zones of cell
detachment using thin-layer chromatography (TLC)
Agar (1 g wet weight) was cut using a sterile surgical
scalpel from zones of cell detachment around fungal
colonies grown for 30 h. Samples from around 20–
25 zones were pooled and extracted with chloroform:-
methanol (2:1). In total, between four and ve samples
were removed from each culture ask. Control samples
consisted of a similar amount of agar removed from
asks consisting of A549 cells embedded in agar. The
chloroform:methanol layer was placed in a 50-ml round
bottomed ask and extracted to dryness under vacuum.
The residue was then dissolved in methanol and spotted
(20 ml) onto a 10£20 cm silica gel 60 (Merck) glass TLC
plate and developed in a toluene–ethylacetate–10%
formic acid (5:4:1 v/v/v) solvent system. Once removed
and dried, the plate was visualized on an UV transillu-
minator (UVP) for bands that represented known toxic
metabolites due to their characteristic colour and Rf
values [17,18]. Plates were stained with 0¢5% (v/v)
p-anisaldehyde (Sigma) in methanol:acetic acid: concen-
trated sulphuric acid (17:2:1 v/v/v), incubated at 110 oC
for 10 min and visualized under white light and UV light
for the development of additional bands.
Results
The effect of A. fumigatus growth on con¯uent layers of
A549 cells
A. fumigatus conidia were immobilized on a conuent
monolayer of A549 cells in a thin layer of soft agar as
described. Conidia were allowed to germinate at 37 oC
and the response of cells to fungal growth was recorded
microscopically.
After 16 h, hyphae had proliferated radially and the
colonies measured approximately 3¢5 mm in diameter
with no apparent effect on the underlying layer of
conuent cells. When the diameter of the fungal colony
reached 5 mm, the hyphae or factors secreted by the
hyphae caused the rounding up and detachment of A549
cells from the surface of the culture ask (Fig. 2). Cell
detachment was rst observed underneath the centre of
the colony and this effect gradually spread to the regions
around the hyphal tips. After 22 h incubation the fungal
colonies measured approximately 7¢5 mm and A549 cells
rounded up and detached 1¢5–2 mm ahead of the hyphal
tips. This eventually resulted in the appearance of a
broad zone or ‘halo’ of cell detachment around the
fungal colony (Fig. 3). Detached cells clumped together
giving a ‘grainy’ appearance to the zone of cell
detachment. After 30 h incubation the area of cell
detachment was twice that of the area of the fungal
colony (Fig 4). Control A549 cells showed no signs of cell
detachment or death following a similar incubation
period.
Agar (0¢1 g wet weight) from the zones of A549 cell
detachment around fungal colonies was placed onto
sterile lter discs (Gelman, MI, USA) cut into 25-mm2
squares and incubated for 20 min at 37 oC. Agar was
removed by gentle scraping from the surface of the lters
A549 cell detachment and death 29
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Fig. 1 Schematic representation of the soft
agar assay. Conidia of A. fumigatus were
allowed to adhere to A549 cells for 2 h and
were then immobilized using a thin layer of
soft agar [0¢6% (w/v)]. Following the germina-
tion of conidia, the resulting colony was
entrapped in the layer of agar above the
A549 cells.
Fig. 2 Response of monolayer of A549 cells to the presence of A.
fumigatus hyphae. The growth of hyphae of A. fumigatus (H) above
a monolayerof A549 cells (M) causes cell detachment (D) in a zone
around and ahead of the edge of the colony. (Magnication £200.)
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which were then placed on a monolayer of A549 cells.
These were left in place for 2 h in a humidied
atmosphere at 37 oC and 5% CO2 and then removed.
The area that the lter discs covered was carefully
marked during this incubation period. Complete cell
detachment occurred underneath the discs and also up to
1–2 mm away from the edge of the discs following
incubation for 2 h. This indicated that factors involved in
cell detachment were absorbed onto the lter discs and
could diffuse away when subsequently placed on a
monolayer of cells. Untreated discs did not cause cell
detachment underneath or surrounding the perimeter of
the disk following identical incubation conditions, nor
was cell detachment or cell death observed when agar
overlying A549 cells but not containing A. fumigatus was
placed on lter disks prior to placing on monolayers of
cells.
Detection of the mode of cell death using PI and AV
staining
To identify potential modes of cell death occurring in
A549 cells which detached around the colonies, both PI
and AV staining was performed on cells after various
periods of time. Cells beginning to detach underneath
the outer rim of the fungal colony showed little or no PI
uorescence indicating no loss of plasma membrane
integrity. However increased PI uorescence was re-
corded for cells underneath the central region of the
fungal colony (Fig. 5) indicating an increase in the
number of cells displaying disruption of the cell
membrane and the staining of DNA. The uorescence
of the PI positive cells was visible through the layer of
hyphae. AV was placed on agar both as an individual
uorescent probe and in association with PI. Cells that
started to show cell detachment from the surface of the
ask showed no AV uorescence, while cells that had
detached for periods greater than 6 h were found to be
positive for AV staining and also positive for AV and PI
when double staining was employed.
Identi®cation of factors secreted by A. fumigatus ahead
of the proliferating fungus
In order to identify the agents responsible for the
detachment of cells in advance of the hyphae of
A. fumigatus and to establish whether detectable levels
of fungal toxins were present, samples of agar from zones
of cell detachment were pooled, extracted with chloro-
form:methanol (2:1) and spotted onto a TLC plate as
described. The plate was subsequently visualized under
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Fig. 3 Phase contrast micrograph of A. fumigatus colony
embedded in a layer of soft agar and surrounded by a zone of
A549 cell detachment. Conidia of A. fumigatus germinatedwithin a
soft layer of agar above a conuent layer of A549 cells (M).
Following incubation at 37 oC and 5% CO2 for 30 h a broad zone of
cell detachment (Z) is visible around the fungal colony, extending
beyond the outermost hyphae (H). (Magnication £40).
Fig. 4 Areas of colonies of A. fumigatus
and associated zones of cell detachment.
The area of A. fumigatus colonies and
associated zones of cell detachment was
determined with the aid of vernier
calipers. After 30 h incubation at 37 oC
and 5% CO2 the area of the zone of
clearance is greater than that of the
fungal colony.
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UV light for toxic metabolites according to their
characteristic colour and Rf values [17,18].
Under UV, two light blue bands were seen at Rf 42
and Rf 45 on lanes extracted from the zones of cell
detachment. After staining with p-anisaldehyde, a bright
blue green band developed under UV (Rf 9). These three
bands were not visible when control agar was extracted.
TLC analysis of standard gliotoxin, helvolic acid and
fumagillin resulted in Rf values of 42, 48 and 52
respectively but did not correlate with any spots
extracted from the zones of cell detachment. The agent
extracted from the zone of cell detachment with an Rf
value of 42 had a colour different from gliotoxin
although the Rf value was similar. Agar from control
asks (i.e. containing immobilized A. fumigatus colonies
but no A549 cells) was collected and extracted as
described above. When this material was analysed by
TLC a similar number of bands was seen as obtained
above indicating that these compounds are produced by
the fungus regardless of whether the target cell is present
in the surrounding agar.
Discussion
Although the exact mechanisms employed by A.
fumigatus to colonize host tissue are poorly character-
ized, the ability to produce toxins [4,8,9] appears to be
important in pathogenesis and the detachment of
epithelial cells from the underlying basement membrane
is a critical factor in the colonization of respiratory
tissues [8,19].
In the work presented here, an in vitro model is
demonstrated in which A. fumigatus conidia were
allowed to germinate within a layer of soft agar overlying
a monolayer of A549 cells. This model allows an
investigation of the response of cells to the growth of a
fungal colony where the fungus is maintained in close
contact with the cells, simulating the conditions on the
respiratory surface in patients with invasive aspergillosis
and in the mucus of cystic brosis patients with ABPA
[8].
A fungal colony diameter of 5 mm resulted in the
rounding up of A549 cells mainly underneath the central
region of fungal growth and in the vicinity of the hyphal
tips. At no point were hyphae seen to penetrate cells.
The amount of A549 cell detachment appeared to be
dependent upon the size of the fungal colony. This was
evident after 26 h, when fungal colonies measuring
7¢5 mm in diameter caused cells to detach 1¢5–2 mm
ahead of the outermost hyphal tips. After 30 h the zone
of cell detachment was twice that of the area of the
fungal colony implying the diffusion of enzymes or toxins
through the agar above the layer of A549 cells (Fig. 4).
The depletion of nutrients from the surrounding
medium by the proliferating fungus was considered as
a possible explanation for the detachment of cells.
Despite low levels of glucose recorded in the zones of
cell detachment, two points suggest that nutrient deple-
tion was not responsible for cell detachment. A549 cells
cultured in a low nutrient environment (i.e. cells covered
in a layer of soft agar (0¢6% (w/v)) containing PBS
instead of MEM culture medium) remained attached
after 24 h growth at 37 oC. The growth of the yeast
Candida albicans immobilized in a layer of soft agar
above a monolayer of A549 cells caused no cell
detachment after 48 h even though negligible nutrient
levels were present in the vicinity of the yeast colonies.
Two forms of mammalian cell death exist (i.e. necrosis
and apoptosis) with distinct biochemical and morpho-
logical characteristics. The main irreversible feature of
necrotic cell death is the loss of plasma membrane
integrity and function that can easily be detected using
the DNA staining agent PI [15]. Cells undergoing
apoptosis participate in their own demise by following
a specic programme of events activated in the dying cell
which include cell detachment, nuclear fragmentation
and apoptotic body formation [13,20]. During the early
stages of apoptosis phosphatidylserine (PS), which is
normally located on the inner leaet of the plasma
membrane facing the cytosol, becomes externalized due
to action of a ippase [14]. This can be detected using
Ca2‡ dependent phospholipid-binding protein AV,
which has a high afnity for PS [14,16]. Apoptotic cells
are positive for AV staining due to the externalization of
A549 cell detachment and death 31
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Fig. 5 Fluorescence of detached A549 cells stained with PI. A549
cells that detached underneath the central region of A. fumigatus
colonies initially showed no uorescence. After approximately 6 h
incubation, cells showed PI uorescence indicating disruption of the
cell membrane and the staining of the cellular DNA. Please note
that only the uorescence of dead A549 cells is shown in this gure,
the overlying fungal mycelium is not visible in this photograph.
(Magnication £400.)
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PS. Necrotic cells stain positive for PI due to DNA
breakdown but are also AV positive due to the staining
of internal PS exposed following cell rupture [21].
A549 cells detaching at the outer rim of the fungal
colony initially showed little PI or AV uorescence.
Elevated PI uorescence was recorded in cells detached
for periods greater than 6 h towards the centre of the
colony indicating an increase in the number of cells dying
by necrosis due to the rupture of the cell membrane and
the staining of nuclear DNA. Detached cells underneath
the centre of the fungal colony were double positive for
AV and PI indicating cell death by necrosis.
Extraction and analysis by TLC of agar from zones of
cell detachment around A. fumigatus colonies revealed
the presence of three metabolites with Rf values of 9, 42
and 45. These do not correspond to any of the well-
characterized toxins of A. fumigatus (except for glio-
toxin, Rf ˆ 42, which was a different colour from the
compound described in this paper) [17,18] and efforts to
characterize them are ongoing. Agar extracted from
around A. fumigatus colonies grown in the absence
of A549 cells contained the compounds described,
indicating that their production is not dependent upon
the presence of a monolayer of cells.
The work presented here indicates that colonies of
A. fumigatus produce factors that diffuse in advance of
the hyphal tips causing cell detachment and death. Cell
detachment appears as a zone or ‘halo’ around each
colony in the model described here, and death appears to
be exclusively by necrosis. Previous work by our group
has indicated that growth medium conditioned by
A. fumigatus is capable of initiating cell death by
apoptosis but that secondary necrosis invariably results
[22]. The soft agar model developed here allows the
visualization of the response of cultured cells to the
effects of fungal growth and the secretion of toxic agents.
It may provide a more realistic model of conditions in
the lung in invasive aspergillosis and in the pulmonary
secretions of cystic brosis patients with ABPA than is
provided by any in vitro system applying conditioned
medium to monolayers of cells.
Using this system, it should prove possible to discern
differences in the production and secretion of toxic
agents by pathogenic and non-pathogenic isolates of
Aspergillus species. A soft agar system for immobilizing
fungal colonies has a number of advantages including:
(i) less diffusion of toxins away from the fungal colony
and target cells than occurs in growth in liquid medium;
(ii) allowing investigation of the mechanism by which
A. fumigatus causes cell detachment in surrounding cells;
(iii) possible modication to allow screening for
A. fumigatus mutants decient in toxin production and
(iv) possible adaptation for use in studying the response
of other cultured cell lines or pulmonary tissues to the
growth of A. fumigatus or other pathogenic fungi.
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